Some ice-nucleating bacterial strains, including Pantoea ananatis (Erwinia uredovora), Pseudomonas ‰uorescens, and Pseudomonas syringae isolates, were examined for the ability to shed ice nuclei into the growth medium. A novel ice-nucleating bacterium, Pseudomonas antarctica IN-74, was isolated from Ross Island, Antarctica. Cell-free ice nuclei from P. antarctica IN-74 were diŠerent from the conventional cell-free ice nuclei and showed a unique characterization. Cellfree ice nuclei were puriˆed by centrifugation,ˆltration (0.45 mm), ultraˆltration, and gelˆltration. In an icenucleating medium in 1 liter of cell culture, maximum growth was obtained with the production of 1.9 mg of cell-free ice nuclei. Ice nucleation activity in these cellfree ice nuclei preparations was extremely sensitive to pH. It was demonstrated that the components of cellfree ice nuclei were protein (33%), saccharide (12%), and lipid (55%), indicating that cell-free ice nuclei were lipoglycoproteins. Also, carbohydrate and lipid stains showed that cell-free ice nuclei contained both carbohydrate and lipid moieties.
Freezing may be critical for organisms and lead to death. In such environments, organisms have gotten some resistance to stay alive, such as freezing resistance. Ice nucleation activity has been known as one of the means to protection from freezing. When pure water is cooled at atmospheric pressure, it does not spontaneously freeze at 09 C, the equilibrium freezing point of water, but instead it continues to remain a liquid well below 09 C. The water is then said to be``supercooled''.``Homogeneous'' ice nucleation describes the formation of an ice lattice above the crystal size without the in‰uence of any substances, which is statically improbable in pure water above -409 C on a small scale. 1, 2) On the other hand,``heterogeneous'' ice nucleation occurs in supercooled water when a substance or a discrete impurity is added which causes the formation of ice crystals above the crystal size. Moreover, silver iodine is known as an impurity without supercooling and it has been used in snow-making. 3) When it is added to water on a small scale, it freezes at -89 C. However, an ice-nucleating bacterium was found by Maki et al. in 1974. 4) Ice-nucleating bacteria are known to nucleate ice formation in supercooled water. Some strains of the Gram-negative eubacterial genera, Pantoea (Erwinia), Pseudomonas, and Xanthomonas, and the mycrobionts of certain lichens, have ice nucleation activity at temperatures as high as -29 C to -39 C. 5, 6) Ice nucleation activity at various temperatures is probably produced by the aggregation of the ice nucleation protein into multimers, ranging from -139 C ice nuclei (monomer) to -29 C ice nuclei (about 200 monomers). Govindarajan and Lindow 7) have shown that the target size of the ice nucleation structure was roughly proportional to the ability of cells to nucleate at a warmer temperature and that nucleation at -29 C required a structure with an apparent size of 19,000 kDa. While this paper does not identify the ice nucleation structures chemically, it does show that the ice nucleation structures on the surfaces of extracellular cell-free ice nuclei can be diŠerentiated by comparing the nucleation of supercooled D 2 O versus supercooled H 2 O. 8) We have been working to purify the cell-free ice nuclei from P. antarctica IN-74. In the course of this work, we have found that lipid is the main component of cell-free ice nuclei isolates. In the earlier papers on phospholipids of the ice-nucleating bacteria, 9, 10) evidence was presented correlating the appearance and the amount of phosphatidylinositol in the cell and a high nucleation activity. We also describe some of the properties of the cell-free ice nuclei and believe that the structures of cell-free ice nuclei from P. antarctica IN-74 are useful for further biochemical characterization of bacterial ice nuclei. A detailed study in this area should contribute to a better understanding of the physiology of bacterial ice nuclei.
Materials and Methods
Bacterial strain and culture conditions. An icenucleating bacterial strain from Ross Island, Antarctica, was previously isolated and identiˆed as P. antarctica IN-74 from its bacteriological characteristics. 11) Cells were grown at 189 C on Trypticase Soy Broth (TSB; BBL Microbiology Systems, NJ, USA) for two days, and then the plates were stored at 49 C until the bacterial colonies were needed.
For ice-nucleating protein isolation, a single colony of P. antarctica IN-74 was inoculated into 10 ml of sterile TSB. After overnight incubation at 189 C with shaking at 120 rpm, all of the cell cultures were transferred into 3 liters of sterile ice nucleation medium, which was contained 0.2z (w W v) DL-serine, 0.2z (w W v) DL-alanine, 0.86z (w W v) K2SO4, 0.14z (w W v) KCl, 0.14z (w W v) MgSO4 ・7H 2 O, and 1z (w W v) sucrose, pH 7.0. The cells were grown at 189 C for 24 h and then shifted to 09 C for a few more days until the ice nucleation activity was expressed.
Measurement of the ice nucleation activity. Ice nucleation activity was measured using the droplet freezing assay described by Vali 12) with a freezing nucleus spectrometer (thermoelectric plate Mitsuwa model K-1, Yamamoto Tekunikaru, Hirakata). In other words, thirty drops at 10 ml each were placed on a controlled-temperature surface and the temperature was slowly lowered from 109 C to -209 C at a rate of 19 C per min. The temperatures required to freeze 10z (T10), 50z (T50), and 90z (T90) of the drops were measured. The ice nucleation spectra of the cell-free ice nuclei were obtained by the dropletfreezing method as modiˆed by Lindow et al.
13) The freezing diŠerence spectra in D2O versus H2O were measured on a cold plate using the method described by Turner et al. 8) For testing of the ice nucleation activity, the cell concentration was adjusted with 50 mM potassium phosphate buŠer (pH 7.0). Further, the cell-free ice nuclei solution, which was adjusted to an absorbance at 660 nm of 0.1 with a 50 mM potassium phosphate buŠer (pH 7.0), was used for the measurement of the ice nucleation activity. The samples were suspended in 50 mM potassium phosphate buŠer (pH 7.0) or 50 mM potassium phosphate buŠer (pH 7.0) in 90z D2O. After this was incubated at 49 C for 24 h, the ice nucleation activity was measured respectively and the freezing diŠerence spectra were calculated.
Puriˆcation of cell-free ice nuclei from the culture broth of Pseudomonas antarctica IN-74. The molecular aggregates of cell-free ice nuclei were previously puriˆed by Phelps et al. 14) After the ice nucleation activity was shown, the P. antarctica IN-74 cell culture was collected. The cell culture was centrifuged at 5,000×g for 20 min at 49 C to remove the bacterial cells. The supernatant after centrifugation was then passed through a 0.45-mmˆlter (cellulose nitrate, Advantec Co., Tokyo, Japan) to remove any remaining cells. Thisˆltrate was concentrated by a Minitan Ultraˆltration Filter Plate (nominal molecular weight cut oŠ of 100,000, polysulfon, blue; Millipore, Bedford, MA, USA) to a volume of about 200 ml. Theˆltrate was put on the upper portion of the 1.3M sucrose solution and ultracentrifuged at 250,000×g for 4 h at 49 C. The sediments were then resuspended in a 50 mM potassium phosphate buŠer (pH 7.0). This fraction was put onto a gelˆltration column (Sepharose 4B, 1.0×80 cm, Amersham Pharmacia Biotech, Uppsala, Sweden) previously equilibrated with a 50 mM potassium phosphate buŠer (pH 7.0). Cell-free ice nuclei were eluted with the same buŠer. The volume of one fraction was 4.0 ml. It was demonstrated that the void volume fraction was equal to the puriˆed cell-free ice nuclei fraction by measurement of the ice nucleation activity. Cell-free ice nuclei were adjusted in 50 mM potassium phosphate buŠer (pH 7.0) to yield a suspension of an OD660＝0.1, which corresponded to approximately 4.4 mg W ml.
Transmission electron microscopy. Puriˆed cellfree ice nuclei wereˆxed for 20 min in 5z (v W v) glutaraldehyde. After theˆxation, cell-free ice nuclei were stained with 2z (w W v) sodium phosphotungstate for 10 min. The stained specimen was observed using a JEM-1210 electron microscopy at 80 kV.
EŠects of pH and heat temperature on the ice nucleation activity of cell-free ice nuclei. The pH stability of cell-free ice nuclei was examined by treatment at 49 C for 1 h in buŠers of various pHs. The ice nucleation activity was measured from 3.0 to 11.0 using the buŠer system of a 0.2 M citrate buŠer (pH 3.0-6.5), 0.2 M sodium phosphate buŠer (pH 6.5-9.0), and 0.2 M sodium carbonate buŠer (pH 9.0-11.0). The stability of cell-free ice nuclei was examined by treatment at various temperatures for 1 h in a 50 mM potassium phosphate buŠer (pH 7.0).
EŠects of various enzymes on the ice nucleation activity of cell-free ice nuclei. The added enzymes, proteinase K, a-mannosidase, b-galactosidase, lipase, phospholipase A2, phospholipase C, and diamine oxidase, which were used in the earliest report by KozloŠ et al., 15) were prepared to aˆnal concentration to 20, 8, 10, 20, 10, 20, 1 U W ml, respectively. There enzymatic reactions were incubated for 2 h at 259 C with or without each enzyme. Boiled enzymes were used as the control.
Extractions and analyses of the components in cellfree ice nuclei. The extraction of lipid from the puri- ed cell-free ice nuclei was done by the method of Bligh and Dyer.
16) The content of lipid in cell-free ice nuclei was estimated from the total dry weight. The protein in cell-free ice nuclei was measured using Lowry's method 17) with bovine serum albumin as the standard. The saccharide in cell-free ice nuclei was measured by the phenol-sulfuric acid method with glucose as the standard. 18) The compositional analyses in cell-free ice nuclei from P. ‰uorescens KUIN-1 were done similarly with each method.
Puriˆcation of lipoglycoprotein. The lipoglycoprotein was puriˆed from the culture broth of P. antarctica IN-74. After centrifuged at 5,000×g for 20 min at 49 C to remove the bacterial cells, the supernatant was fractioned by precipitation with (NH4)2SO4 at 0 to 80z saturation. The precipitation obtained was then dissolved in 50 mM potassium phosphate buŠer (pH 7.0) and dialyzed. The solution was then pun onto a Sephacryl S-300 column (0.7× 30 cm, Amersham Pharmacia Biotech, Uppsala, Sweden), pre-equilibrated with 50 mM potassium phosphate buŠer (pH 7.0). Lipoglycoprotein was then eluted with the same buŠer. The volume of one fraction was 4.0 ml. The active fractions were pooled and used for further analysis.
SDS-PAGE.
For analytical sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), samples were separated on a 10×10×0.075 cm SDS-polyacrylamide gel (9z) according to the method of Laemmli. 19) Electrophoresis was done at a constant current of 40 mA for 60 min at room temperature.
Carbohydrate stain. Following SDS-PAGE, the gel was soaked in 7.5z (v W v) acetic acid for at least 1 h at room temperature before it was transfer to 0.2z (w W v) aqueous periodic acid and allowed to incubate at 49 C for 45 min. The gel was then placed in SchiŠ's reagent (Wako Pure Chemical Industries, Ltd.) and refrigerated for 45 min. To stop the reaction, the SchiŠ's reagent was decanted and the gel was washed in 10z (v W v) acetic acid with two or three changes.
Lipid stain. Nile blue A (0.25 g; Sigma, St. Louis, MO, USA) was dissolved in 100 ml of distilled water before 1 ml of concentrated H2SO4 was added. The solution was boiled for 2 h and thenˆltered through Whatmann no. 1ˆlter paper. The gel was stained with Nile blue A at 509 C for 30 min to 45 min with constant shaking. Destaining was done at 509 C in 5z (v W v) acetic acid for 2 days. The gel was incubated with 0.5z (v W v) HCl for 5 min and then washed with distilled water.
Chemicals. All enzymes, which were highly puriˆed, containing proteinase K, a-mannosidase, bgalactosidase, lipase, phospholipase A2, phospholipase C, and diamine oxidase, were obtained from Sigma Co. The other chemicals were purchased from Wako Chemicals.
Results
Isolation of cell-free ice nuclei A novel ice nucleation bacterium, Pseudomonas antarctica IN-74, was isolated from Ross Island, Antarctica, and identiˆed from its taxonomic characteristics.
11) When P. antarctica IN-74 was cultured aerobically for 2 days at 189 C, ice nucleation activity was not obtained. In our previous paper, 11) the eŠects of growth temperature on the ice nucleation activity were examined. The ice nucleation activity was greatly in‰uenced by temperature and observed only at lower temperatures, such as 09 C. Therefore, after the incubation at 189 C for 24 h, the culture broth was shifted to 09 C for maximum ice nucleation activity.
Cell-free ice nuclei were puriˆed from the culture broth of P. antarctica IN-74 as described in the Materials and Methods section. Theˆnal amount of the puriˆed cell-free ice nuclei was 1.9 mg of total protein, a 46.3z yield puriˆed from 4.1 mg obtained from a 1 liter of cell culture. The transmission electron micrograph of the puriˆed cell-free ice nuclei is shown in Fig. 1 . This photograph demonstrated that the shape and size of the puriˆed cell-free ice nuclei was a small spherical vesicle, 0.1 mm in diameter. The puriˆed cell-free ice nuclei were diluted to various The cells and cell-free ice nuclei were suspended in 50 mM potassium phosphate buŠer (pH 7.0) as described in Materials and Methods, respectively. Activities on cells and cell-free ice nuclei were measured by the nucleation frequency. The cell-free ice nuclei were diluted to various OD 660 with distilled water, freeze dried, and measured for dry weight. The value of 0.1 (OD 660 ) is 4.4 mg of protein per ml. Symbols; : Cells, : Cellfree ice nuclei. OD660 with distilled water, freeze dried, and measured for dry weight. The value of 0.1 (OD660) is 4.4 mg W ml. The ice nucleation spectrum of cell-free ice nuclei was similar to that of cells. It showed that cell-free ice nuclei were puriˆed with a high ice nucleation activity and the result is shown in Fig. 2 . It was therefore suggested that cell-free ice nuclei were shed from cells.
Freezing spectra of cell-free ice nuclei in supercooled H2O and D2O
Since D2O is known to react more strongly than H2O does with the hydrophobic domains of proteins, 20) it seems possible than class A and C structures are much more hydrophobic than are class B structures. To measure the ice-nucleating temperature of classes A, B, and C from the puriˆed cell-free ice nuclei, we examined the freezing diŠerence spectra in D 2 O versus H 2 O. The freezing spectra in H 2 O and D2O for common ice-nucleating bacteria do not give curves withˆxed diŠerences. 20) A diŠerence freezing spectrum was calculated by subtracting the freezing temperatures for cells in H2O from the freezing temperatures of the cells in D2O at the same number of freezing nucleus units per ml. When this diŠer-ence was plotted against the number of freezing nucleus units per ml for H2O, unexpectedly one parallel line was found (Fig. 3) . The puriˆed cell-free ice nuclei from Pantoea ananatis (Erwinia uredovora) had class A, B, and C structures of ice nuclei with diŠerent hydrophobicities. 21) Also, the cells of Pseudomonas ‰uorescens, 22) Pseudomonas syringae, and Pantoea agglomerance (Erwinia herbicola) 8) had those three structures as well. In the previous paper, 11) we have reported that the cells of P. antarctica IN-74 showed diŠerent spectra. Furthermore, we have suggested that the class B structure is diŠer-ent from the conventional ice-nucleating bacteria. As shown in Fig. 3 , the freeze diŠerence spectra have formed one parallel line, which indicates that the puriˆed cell-free ice nuclei do not consist of the three structures.
EŠects of pH and temperature on the ice nucleation activity of cell-free ice nuclei
Cell-free ice nuclei in water were diluted into a 0.2 M citrate buŠer (pH 3.0-6.5), 0.2 M sodium phosphate buŠer (pH 6.5-9.0), or 0.2 M sodium carbonate buŠer (pH 9.0-11.0). The ice nucleation activity of both P. syringae and P. agglomerance was largely unaŠected by the pH of the various buŠers from about 5.0 to 9.2. 9) However, the ice nucleation activity at a pH of 6.0 to 7.0 was found to be the highest and was considered the maximal value. Cell-free ice nuclei were found to be slightly sensitive to low pH buŠers and very sensitive to high pH buŠers (data not shown).
It has been reported that the ice nucleation activities of bacteria were rapidly and irreversibly inactivated by heat treatment of over 309 C.
22 ) The eŠects of heat treatment on the ice nucleation activity of the cell-free ice nuclei were investigated (Fig. 4.) . Cellfree ice nuclei were incubated at various temperatures for 1 h and the ice-nucleating temperature (T50) was measured. It was slightly decreased by treatment for Puriˆed cell-free ice nuclei were diluted to OD 660 ＝0.1 with a 50 mM potassium phosphate buŠer (pH 7.0), treated at various temperatures for 1 h, and measured for ice nucleation activity (T 50 ). 1 h over 189 C. Furthermore, after heat treatment for 1 h over 409 C, T50 was below -89 C. Ice-nucleating temperature was greatly decreased and physically irreversible at 409 C. The plot of the ice-nucleating temperature versus treatment temperature (9 C) is similar to the curve of the conventional ice-nucleating bacteria, such as P. ‰uorescens KUIN-1 22) and P. ananatis KUIN-3, 21) and the ice-nucleating temperature decreased and cell-free ice nuclei were extremely sensitive to temperatures of over 409 C.
EŠects of denaturants and protein-modifying reagents on ice nucleation activity of cell-free ice nuclei
KozloŠ et al. 9) have demonstrated that ice nucleation activity in P. syringae and P. agglomerance strains is sensitive to sulfhydryl reagents such as p-hydroxymercuribenzoate, N-ethylmaleimide, and iodoacetamide, suggesting that a sulfhydryl group in the ice nucleation site is essential for the ice nucleation activity. It is also suggested that particular proteins are essential for the ice nucleation activity of cell-free ice nuclei. The ice nucleation activity after treatment with denaturants and protein-modifying reagents was examined (data not shown). The ice nucleation activity of the cell-free ice nuclei was greatly inhibited by the addition of N-bromosuccinimide. Furthermore, ethanol had a small eŠect on the ice nucleation activity of cell-free ice nuclei.
The components of cell-free ice nuclei Chemical compositions of cell-free ice nuclei are shown in Table 1 . Cell-free ice nuclei from P. antarctica IN-74 had properties that were diŠerent from those in other ice nuclei. The components of the puri- Puriˆed cell-free ice nuclei after treatment with proteinase K (A) and phospholipase C (B) were stained negatively by 2z sodium phosphotungstate, and observed by a transmission electron microscope. The bar indicates the size of 0.1 mm. ed cell-free ice nuclei demonstrated that the protein, saccharide, and lipid contents of each component in the puriˆed cell-free ice nuclei were 33z, 12z, and 55z, respectively. This indicated that cell-free ice nuclei were lipoglycoproteins.
The treatments with both proteinase K and phospholipase C had a remarkable eŠect on the reduction of the ice nucleation activity (Fig. 5) , while the ones with a-mannosidase, b-galactosidase, lipase, phospholipase A 2 , and diamine oxidase had no eŠect on the ice nucleation activity. The surface structure of the outer membrane preparations was investigated by the transmission electron microscope, and the shapes were irregular (Fig. 6) .
The lipoglycoprotein was puriˆed using a column chromatography on Sephacryl S-300. The active fractions were eluted beyond this void volume fraction. That is to say, this molecular weight was supposed to be huge. Nevertheless, when the puriˆed lipoglycoprotein sample was electrophoresised on a 9z SDS-polyacrylamide gel and stained with Coomassie brilliant blue, one large polypeptide migrated to a position estimated to represent a 190-kDa protein (Fig. 7, lane A) . We have predicted that cell-free ice nuclei consist of aggregation of lipoglycoproteins. To determine whether the cell-free ice nuclei contained any associated carbohydrate and lipid moieties, carbohydrate and lipid stains were done. A bright red band revealed by the carbohydrate stain, and a blue band identiˆed through the lipid stain, were observed at 190-kDa (Fig. 7, lanes B  and C) . The results also showed that the cell-free ice nuclei were lipoglycoproteins.
Discussion
Cell-free ice nuclei have already been separated and identiˆed, [21] [22] [23] however cell-free ice nuclei from P. antarctica IN-74 were apparently diŠerent in growth temperature, thermal sensitivity, chemical compositions, and structures from the conventional cell-free ice nuclei. Several ice nucleation active bacterial isolates were found to produce cell-free ice nuclei when grown at or below 159 C in a either rich or minimal medium, and with a variety of carbon sources. 22) We found that although the culture at 189 C did not show the ice nucleation activity, a high ice nucleation activity was obtained when cultured at 09 C.
Cell-free ice nuclei were isolated from P. antarctica IN-74 for further studies. Govindarajan and Lindow 7) have inferred that nucleation sites with -129 C thresholds have an average molecular size of approximately 120 kDa. Nucleating sites with higher thresholds required smaller radiation doses for inactivation, leading to the estimation of a much larger molecular size, 19,000 kDa, for nucleation sites with a threshold above -29 C. The puriˆed cell-free ice nuclei were small spherical vesicles compared with the cell-free ice nuclei from P. ananatis KUIN-3. 21) We have agreed that the aggregation of these cell-free ice nuclei has the class A nucleation activity.
The ability of the cell-free ice nuclei to nucleate supercooled D2O was examined because the chemical properties of D 2 O liquid and solid were similar but not identical to H2O liquid and ice. While a number of diŠerences between H2O and D2O are known, perhaps most pertinent for this system is the relative increased ability of D2O to interact with the hydrophobic domains of proteins. 20) Class A and C structures, which react well with D2O, are apparently more hydrophobic than the class B structure is. Turner et al. 8) have suggested that a bowl-shaped curve of the freezing diŠerence spectra has three classes (A, B, and C) and it may be caused by heterogeneous structures. Also, they have postulated that the freezing spectra in supercooled H2O and D2O indicate that there are three classes (A, B, and C) of nucleating structures. Since it is the D2O cumulative freezing spectrum which apparently varies, it is believed that the three classes of structures diŠer markedly in their abilities to nucleate supercooled D2O. It was suggested that the behavior on the freezing spectrum of a cell-free ice nuclei was that of one ice nucleation structure without three separately classed bacterial ice nucleation structures.
Several non-lethal agents have eŠects on ice nucleation active (Ina) in vivo that are suggestive of a direct interaction with the nucleating site. Although deuterium oxide (D 2 O), with chemical properties similar to H2O but containing a higher equilibrium freezing W melting point, was expected to raise all nucleation thresholds to equivalent extents, it does not. This has been interpreted as suggesting that the hydrophobicity of the nucleating site varies with threshold temperature. 8) This diŠerence of the freezing spectrum in D2O seems to re‰ect the diŠerent contents of each component. The plot of ice-nucleating temperature versus treatment temperature (9 C) was similar to the curve that was obtained for cellfree ice nuclei of P. ‰uorescens KUIN-1 23) and P. ananatis KUIN-3. 21) Some proteases have been reported to be inactive on bacterial ice nuclei. 24) Also, Phelps et al. 22) have shown that ice nucleation activity in cell-free ice nuclei by P. agglomerance was sensitive to proteinmodifying reagents, which suggested a role for an essential protein at the ice nucleation site. Nbromosuccinimide was a potent inhibitor of the ice nucleation activity. As described by KozloŠ et al., 9) it has been suggested that a -SH group on a protein at the ice nucleation activity site might be critical. The slight inhibition of ice nucleation activity by ethanol indicated that ice nucleation activity might be correlated with ice nucleation proteins. Ice nucleation proteins are necessary for the formation of bacterial ice nucleation sites, but they are apparently not su‹cient. Cell-free ice nuclei were tested for sensitivity to proteinase K treatment. As expected, proteinase K had a great eŠect on the ice nucleation activity. In addition, phospholipase C aŠected on the ice nucleation activity signiˆcantly. It is suggested that the active site of cell-free ice nuclei contains protein and lipid. Chemical compositions of cell-free ice nuclei from P. antarctica IN-74, P. ‰uorescens KUIN-1 and P. ananatis KUIN-3 were compared (Table 1) . While the main composition of P. ‰uorescens KUIN-1 and P. ananatis KUIN-3 was protein, one of P. antarctica IN-74 was lipid. In another paper, 15, 25) evidence has been presented that phosphatidylinositol is involved in the ion formation of the bacterial ice nucleation structure and necessary for the critical element in higher ice nucleation activity. The following three factors lead to this activity; (i) structures such as the ice crystal lattice, (ii) less surface charge, and (iii) hydrophobicity.
Govindarajan and Lindow 7) have previously suggested that the size of ice nucleation sites is signiˆcant. Ice nuclei active at -129 C have a mass of about 150 kDa and nuclei active at -2.09 C have a mass of 19,000 kDa. The ice nucleation activity of extracellular ice-nucleating material (EIM) from Pantoea ananatis KUIN-3 was aŠected by the ice nucleation protein (INP) molecule value. 26) Thus, the aggregates of the lipoglycoprotein complexes are essential for the high level of the ice nucleation activity. It seems that cell-free ice nuclei from P. antarctica IN-74 aggregate from the separation on a Sephacryl S-300 column. The active fractions were collected and put through SDS-PAGE. As a result, only a 190-kDa band was shown with Coomassie brilliant blue. It was also suggested that the 190-kDa band contained both carbohydrate and lipid moieties and likely represented a lipoglycoprotein.
Genes conferring ice nucleation activity have been sequenced from some bacterial strains of the genera Pseudomonas, Xanthomonas, and Pantoea, and all encode ice nuclei proteins, INP (120-180 kDa), with a similar primary structure. [27] [28] [29] [30] [31] [32] [33] [34] [35] Genomic DNA from P. antarctica IN-74 did not hybridize with the ice-nucleating inaZ gene from P. syringae 27) (unpub-lished data), while the conventional ice-nucleating genes, iceE from E. herbicola, 29) inaA from E. ananas, 31) and inaW from P. ‰uorescens, 33) demonstrated 80, 76, and 75z similarity to the inaZ gene, respectively. We predict that this INP with a unique primary structure accounts for the diŠerent components of cell-free ice nuclei from P. antarctica IN-74. Further work will be in progress to identify its structures.
